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ABSTRACT
FLOW AND THERMAL MANAGEMENT INSIDE OF
MUON TRACKER WITHIN VACUUM
Guanrong (Greg) Luo, M.S.
Department of Mechanical Engineering
Northern Illinois University, 2015
Nicholas Pohlman, Director
The Muon g-2 experiment at Fermi National Accelerator Laboratory is structured to
study the physical property of a muon particle. The first experiment, however, found 3 sigma of
standard deviation different from its prediction. Therefore, the second experiment will try to
redesign the muon tracker in order to achieve higher resolution. When muons precess under a
specific magnetic field within the storage ring, they will be captured by series of muon trackers,
then the measurement data will be used to calculate and compare with the theoretical prediction.
Since argon-ethane gas will be filled inside muon tracker, one of the purposes is to make sure the
flow inside muon tracker is evenly distributed. Otherwise, resolution will be compromised.
What’s more, muon trackers will contain electronic components inside in order to record muon
data. At the same time, electronic components generate heat inside muon trackers. However, due
to tracker dimension confinement, traditional cooling method such as gas cooling or water
cooling become hard to achieve. A new feature design is needed to solve this nontrivial thermal
problem. The limitation space inside muon trackers actually also lead to a new separate system
set up. For the flow and thermal problem, simulations were run using ANSYS to validate
conceptual design. Subsequent geometric and thermal analysis was performed for further model
optimization. In the end, a refined muon tracker design with proper cooling capacity was
confirmed.
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1

INTRODUCTION

The muon particle was found in experimental data in 1936 [1]. Despite its age, there are
still lots of unknown features about this new particle. In 2001, the Muon g-2 project in
Brookhaven was conducted and intended to study the anomalous magnetic moment of this new
type of particle. Physicists determined in the first run of the experiment, however, there were
three standard deviations of discrepancy of gyromagnetic ratio compared to prediction from the
standard model of particle physics [2]. Physicists were very excited about this, because there
might be a chance that there were other unfound particles affecting this result. Knowing the
necessity to claim a new discovery is five standard deviations away from predicted values,
physicists are now trying to set up a second run of this experiment with a much greater precision
than generated at Brookhaven [3]. The second experiment is now moved to Fermi National
Accelerator Laboratory in Batavia. The result of this experiment in the future may lead to a new
era of particle physics exploring the Intensity Frontier.

What Is a Muon

It has been known that leptons and quarks are the most fundamental building block that
construct the whole universe. There are six types of leptons in present physics, and they are
electron, muon, tau, and their associated respective neutrinos [4]. As one of these leptons, the
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muon is much like electrons as they both display negative charge, but the muon is 207 times
heavier than electrons. And because of its heavy mass, it makes muon particular easy be able to
detect among all types of particles in experiment [5].
A muon has an intrinsic spin angular momentum. Theoretically, when a muon is placed
in a magnetic field, its internal magnet wants the muon to rotate itself along with the magnetic
field. Nevertheless, the angular momentum of its own will prevent this from happening. Instead,
the muon precesses with certain angular rate when experiencing a magnetic field. With this
particular property, physicists can precisely calculate the precession rate of muon under carefully
controlled magnetic fields. Figure 1.1-1 is a gyro spinning model of how a muon precesses under
controlled magnetic field. [5].

Figure 1.1-1 Muon Spinning Model [5]
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Muon g-2 Experiment Overview

As mentioned above, since the first run of the experiment indicated the result had three
standard deviations of discrepancy compared to theoretical prediction, the design of the second
experiment is meant to achieve higher precision and resolution. In order to create sufficient
muons, scientists will use an intense proton beam, about 1012 particles every second, to smash
into a fixed target, which will create massive numbers of pions and other types of particles. A
carefully controlled magnetic field will then steer these pions into a 14-meter-diameter ring
called the Muon Delivery Ring. Pions, however, are not stable. They decay into muon very
quickly as they travel along hundreds of yards within the Muon Delivery Ring. At the same time,
the decayed muon will also be accelerated to nearly light speed before they transfer into the
second ring, called the experiment’s precision storage ring. The precision storage rings has
diameter of 15.24 meters and is housed in a new building that adjacent to the muon Delivery
Ring. This precision storage rings actually comes from the first experiment in Brookhaven and
will be reused in the second run again with an image of the move shown in Figure 1.2-1 [6].

Figure 1.2-1 Precision Storage Ring [7]

4

When muons with polarized spin reach the storage ring, they will precess within the ring.
With the known magnetic field, one can precisely measure the precession rate of muon within
the storage ring. Yet, the muon is also very unstable and exist only a very short period of time. In
the lab frame, muon lives about only 64 microsecond, then it will decay into two neutrinos and a
positron. The positrons will travel in roughly the same direction as the muon momentum at the
instant of decay, while neutrinos will fly away without being detected [6]. The positrons will
carry only part of the muon momentum and hence will have a decaying orbit falling into the center of

the ring. Calorimeter detectors in atmosphere are place at 24 stations around the ring while
tracker stations within the vacuum are proposed in three locations. The tracker station will report
the trajectory of positrons offering insight on the momentum during decay. A single tracker
station consists of nine Muon Tracker modules and one Calorimeter. Positrons will travel along
all nine Muon Trackers, then are stopped by hitting the calorimeter which locates at the back end
of the tracker station, see Figure 1.2-2.

Figure 1.2-2 Schematic of Tracker Station in the storage ring and modules in front of the
calorimeter [8]
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As positrons travel along and penetrate each straw tube in the Muon Tracker, information
such as its position as function of time, projection, and so forth will be recorded. Then results
from experiment will be used to compare with standard model prediction. Because the tracker
station is where significant quantity of in-vacuum information is recorded from, it’s an extremely
critical part to the whole experiment. In fact, in the second experiment, scientist will redesign the
whole tracker station in order to meet its high precision and resolution requirements. Although
the second run of the experiment could last several years of effort, completion of the results
could lead to a whole new era of particle physics that beyond current theory.

Muon Tracker

1.3.1

Tracker Background

A critical aspect of the tracker specification is that the disruption of measurements to the
calorimeter should be minimal. Breaking down the tracker station, muon trackers and calorimeter
serve different functions. The key difference is that the tracker will measure the trajectory of the
positrons while the calorimeters will only measure the positron energy.

6

Figure 1.3-1 Tracker Station [9]
Figure 1.3-1 demonstrates how the tracker station is modeled in simulation software. The
building-block-like modules are muon trackers that assemble in a row. The green box at the back
behind muon trackers is the calorimeter. Muon trackers will be placed within modified vacuum
chamber that deviates from the circular precision storage ring, as figure 1.2-2 showed, while the
calorimeter will be assembled outside the storage ring but right next to the muon tracker
chamber. Both the storage ring and tracker chamber are under vacuum. When muons decay into
positrons, some of the positrons will deviate away from the circular storage ring and orbit into
the muon tracker zone. Positrons, then, will penetrate muon tracker modules, and eventually stop
at the calorimeter. The tracker offers the opportunity to measure both the radial and vertical
trajectory of the positron following the muon decay. As a result, the whole tracker station will
capture the complete projection of a decayed muon. The calorimeters then are used to measure
the precession rate. The measurements from the trackers will be used to both measure the
distribution of muons in the storage ring and to cross-check the measurements of the
calorimeters. Having this information, physicists can precisely calculate a muon precession rate.
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This thesis focuses on design aspects of the tracker. Requirements to have minimal mass
within the vacuum chamber required evaluation of a number of different gas flow, thermal, and
structural constraints. How each of these constraints are developed are described here.
To start with, we need to know what exact functions that the muon tracker does. There
are three functions that muon tracker serve is the experiment:
 Work with calorimeter at the back end
 Measure particle paths
 Electronic readouts
The first two bullet points have been described while the third function that tracker
modules serve is to provide electronic readouts. One the design purposes of trackers is meant to
capture positrons produced in muon decays and provide straightforward experiment result. In
order to do that, electronic components will be put inside of each tracker module. In fact,
management of electronics is a very critical factor that effects the whole design of the muon
tracker.

1.3.2

How Straws Work

Knowing the role that tracker plays, and functions it does, let’s try to substantiated the
concept into a little more detail.
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When a muon decays into positron and pass through straws on trackers, it will ionize the
gas contained in Mylar straws as figure 1.3-2 shown below. It is the mechanism inside the straw
that detects particles.

Figure 1.3-2 Mylar Straw (old design by NIU) [10]
In fact, it’s actually hard to design a specific device to capture a positrons when they pass
through trackers. Besides, that would complicate the whole experiment design. Hence, an
alternative method need to be adopted in order to simplify the tracker design. To fill the straws
with argon-ethane gas inside would do the trick. When positron smashes with argon gas, it will
ionize gas molecules, producing free electrons and positive ions. The walls of the straw are held
at ground and a central wire is placed at a large potential difference, which cause the electrons to
drift and accelerate toward the wire. The reason that argon gas is chosen is because it’s an inert
gas, yet, still can produce electrons. When compared to other gases, it has the least impact on the
experiment result. Using gas not only would simplify the tracker design, but also have the
advantage of cooling down the system. Since electronic components assembling operating inside
the manifold will produce heat, gas flow can take away certain amount of heat and reduce the
system temperature.
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The mechanism to capture electrons is simple.

Figure 1.3-3 Straw cross section
Figure 1.3-3 above is the straw cross section. The straw wall is held at ground. One end
pin of the wire is connected to high voltage (HV) and the readout electronics while the other is
just floating “free”. So the entire wire is at a constant HV. When positrons passing through
straws and smashes with argon-ethane gas within, the gas will be ionized to produce electrons.
Due to the electric field between the wire and the straw wall, the electrons are accelerated as the
drift towards the wire. Electrons gain enough energy to further ionize the gas, creating more
electrons. Since the drift speed of electrons towards the wire is roughly constant, by measuring
the drift time, physicists can calculate how far from the wire the particle passed through the
straw. Insulators are also designed to keep the high voltage from contacting other conductive
components. Holes on insulators allow the argon gas from manifold flow in and out the straw.
Figure 1.3-3 is an initial conceptual design of a muon tracker module. This thesis will
explore more about this conceptual design and try to optimize the model according to design
requirement in next couple chapters.
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1.3.3

How Tracker Works

Although it’s known that tracker is used to detect positrons produced in muon decays, but
how exactly to detect these particles positions?

Figure 1.3-4 Tracker Station Concept [11]
Figure 1.3-4 demonstrates the conceptual features of the straw tube tracker; left hand side
is the front view of tracker design, while the right hand side is the side view. The long strings
with different colors (red and blue) in the middle are called the straws. They are made of Mylar
material and separate into two layers, the U, and V layer respectively. The front view of a tracker
on the left hand side in figure 1.3-2 shows that these two layers are actually 7.5 degree offset
from the vertical in opposite directions. In that way, these two layers interweave a wire netting
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with nodal points scattering on the area. This interweave-wire-netting area is called the sensing
area, as shown in figure 1.3-5 shown below.

Figure 1.3-5 Muon Tracker Sensing Area
When particles passing through each muon trackers, they are actually passing through
four layers of wire netting on trackers. If particles pass through one of the nodal points, trackers
can record the exact position of where the flying particles hit. In that way, when a particle passes
through each tracker to the end, its exact radial and vertical coordinates within the ring can be
recorded and calculated. Of course, the wire does not fill the entire space. In order to have full
coverage, straws with 5 mm diameter are wrapped around each wire. With an internal gas
mixture of argon-ethane, the positrons will ionize the gas and be collected at the high voltage
potential of the wire. From this weaving of multiple straw layers, the position in the effective
sensing area can be determined.
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Another feature in Figure 1.3-4 are two boxes that on the top and bottom which are called
manifolds. There are three roles that manifolds play:
1. Hold straws;
2. Tension straw;
3. House electronic components
Separate the outside vacuum in order to maintain argon-ethane gas inside
It’s very obvious that a mechanism is necessary to hold so many straws in the middle and
maintain them with specific orientation. This requirement goes into one of the design
considerations. In fact, one of the difficulties for manifold design is the mechanism to assemble
straws, and hold them with tension because wrinkles on straws will affect the measurement
precision. Also, since electronic components will be put inside trackers to record and process
particle signals, manifolds have to reserve some space to house those components. Last but not
the least the manifold functions to separate the inside and outside environments. Recall that the
tracker modules are actually assembled within a vacuum chamber. Inside the tracker manifolds,
however, are not vacuum, but are fed with argon-ethane gas at atmospheric pressure. Therefore,
a good sealing design is the key to achieve this separation requirement.

Final Objectives

The research of g-2 project has been going on for years. Lots of the works have been
done by previous NIU students, physicists, and engineers around the world. This thesis will
report on simulations to evaluate the design features described above. In particular, the thesis
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will report on the uniformity of gas flow through from the manifold into each of the straws
followed by the thermal analysis of components in the system. Multiple iterations were
completed to provide possible solutions offering opportunity for optimization. Ultimately these
results will be correlated with experimental results of the final design during a 2015 beam test.
The research of muon tracker requires significant amount of works in terms of
collaboration. At the current stage, University of Liverpool had already built the latest tracker
model, and have been examining the model experimentally, while this thesis will try to assist the
project by providing computational results. Results from both will be compared and analyzed,
then are used to validate design parameters. As the research goes on, more and more challenges
will be realized based on the current model design. We will talk about those existing problem of
the current model in chapter 2, and we will use a whole chapter to analyze each of the existing
problem through simulations. This thesis will also try to deliver possible solutions and
optimization to assist tracker design based on simulation results analysis.
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2

TRACKER DESIGN AND METHODOLOGY

Having the background knowledge of the g-2 project from chapter 1, we will introduce
tracker design models in this chapter, and its associated challenges. Subsequent chapters
regarding flow and temperature control include details of the design in the next couple chapters.
Since the project is undergoing the stage of prototyping, designs are still open to be changed and
refine as long as new findings in research suggest to do so.
Tracker Requirement and Design

Recall from chapter 1 that, tracker module has a straw network in order to capture the
positron from the muon decay. Figure 2.1-1 below shows a prototype design from NIU where the
electronics (green board) are integrated inside the tracker manifold.

Figure 2.1-1 Tracker Conceptual Design from NIU [12]
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This model was designed by previous NIU faculty and students in 2013. Important
features to note are the pins through the printed circuit board as well as two chambers of the
manifold separated by a narrow wall. The left hand side assembles straws which are the U Plane,
while the right hand side includes straws that are the V Plane. The green area represents the
printed circuit board (PCB) and other electronic components mounting on straws. The bottom
manifold is exactly the same as the top manifold but is assembled by mirror the top manifold
down. When argon gas comes in from the right hand side of the manifold (V Plane), gas will
flow through the straws and vent out from the bottom manifold. The same process goes to the U
Plane. But instead, gas comes from the bottom to the top.
Since the dimension of the vacuum chamber is fixed, the key to improve recording
resolution is to maximize the sensing area of a tracker module and increase the number of tracker
modules while still keep the tracker fit into the chamber. Figure 1.2-2 in chapter 1 shows how the
tracker modules fit into the chamber by sitting inside. The design from NIU above did a very
good job to meet these requirements. Yet, there are still some space that couldn’t be used
efficiently due to the dimension consumption by the top and bottom manifold. First, this
prototype includes S shape design that would cause overlap of trackers. Second, the design on
manifold width consumes too much space, which constrain the number of tracker modules that
can fit in. On the other hand, design on manifold length limits the number of straws that can be
installed, which limits the sensing area as a result. At last, trackers are mounted on a flange after
sliding into the vacuum chamber. If one of the trackers isn’t working, the whole tracker station
has to be stopped and slide out in order to replace a new one. Therefore, a new design is
proposed in order to improve efficiency.

16

Figure 2.1-2 Tracker Conceptual Design from Liverpool (front view) [13]

Figure 2.1-3 Tracker Conceptual Design from Liverpool (back view) [13]
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Figures 2.1-2 and 2.1-3 above are the latest tracker module design from the University of
Liverpool. The mechanism to capture decayed muon is the same as the previous NIU model,
where top and bottom manifold holds straws, electronic components and gas. Straws are grouped
into U and V plane respectively, while the high voltages are supplied by an electronics board that
plugs into the straw end pins. Two rectangular holes on back panel (green) are gas inlet and
outlet respectively. The biggest improvement of this design is the sensing area and its simplicity.
Instead of sitting the whole tracker station inside the vacuum chamber, trackers are designed in a
way that any of the 8 or 9 units can be slid in and out individually like a drawer. In this case, if
any of the individual tracker module is malfunction, it could be quickly replaced without
stopping the whole tracker station. Also, with this block design, the number of straws can be
significantly increased, and more tracker module can be fit inside the chamber. Figure 2.1-4
below is a demonstration of how the new design fits into the tracker station. (From Liverpool
model)

Figure 2.1-4 Liverpool model tracker station schematic [14]
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Challenges of the Design

2.2.1

Existing Challenge -- Flow

Recall from section 1.3.2 that the argon-ethane gas mixtures flows inside straws in order
to replenish electrons. In fact, there are requirements for gas flow in the experiment of 2 cm3/min
in each of the 128 straws.
In order to have consistent performance, a uniform flow rate is expected in each straw.
Figure 2.1-3 showed how a full-scale tracker looks like. There are four rows of straws, and two
of them are grouped into U and V plane respectively. Each row has number of 32 straws, with
128 straws in total. The path of the gas through the whole manifold is like “C”. Gas will come
from an inlet hole on the right hand side, through straws, and then vent out in outlet mounted on
the same side.
The biggest challenge here is flow distribution. The furthest straw away from the inlet
hole is about 300 mm. With this distance, the greatest concern is that straws that near the inlet
may consume all the gas flow while straws at the far end have only a little. Fortunately, the
insulating end pieces holding the straw in the manifold offer an impedance to the flow. Hence,
the straw design has to make sure even gas flow rate on each straw even if it is far away from
inlet.
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Also, since the argon-ethane gas will eventually dump into the atmosphere, the quantity
of gas consumed should be minimized. The number is given by 2 cm3 per minute per straw to
provide sufficient electrons while having as less impact on the environment as possible.

2.2.2

Existing Challenge -- Cooling

Chapter 1 briefly mentioned the cooling mechanism inside the manifold due to heat is
generated by electronic components. Since trackers will be placed in a vacuum environment
within the ring, any natural convection or radiation does not exist to take away the heat generated
by the electronics. Initial designs, expected the gas flow to be sufficient to cool the electronics,
but first order analysis showed that the gas did not have sufficient heating capacity. Chapter 4
describes the design evaluation of a liquid cooled system. Also, in order to improve efficiency,
heat sinks are included on chips in order to enhance cooling contact area, but still must fit in the
limited space constraint.

Figure 2.2-1 Manifold layout front view [15]
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Figure 2.2-1 above shows a cross-sectional schematic of internal components in the
manifold where straws are in red and grey, high voltage pin is in yellow, PCB board is in green,
layers on top are flexi cable, and so forth. Available spaces in this design is very limited. What’s
more, with fixed dimensions of the vacuum chamber and maximized sensing area of straws, the
dimensions of the manifold has to be fixed as well. This space constraint is one of the biggest
challenges to achieving proper cooling in the system. In summary, the cooling design must find
another medium other than the argon-ethane gas but still perform within the vacuum
environment and the space constraint.

Methodology and Solution

In order to solve the flow distribution problem and the cooling difficulty, this thesis will
break down these problems and try to examine them individually in subsequent chapters. The
methodology of the analysis was similar.
First, any real or conceptual model will be built in Creo for either visual or simulation
purposes. Original design files from University of Liverpool were regularly exchanged. As
necessary to improve computational time, model simplification and modification were done in
Creo before sending any file to simulation. Ansys software is used for flow, heat, and stress
analysis. Ansys is an extremely powerful computational fluid dynamics (CFD) simulation
software that solve flow problem using computational methods. When a geometry model is
imported, it will be meshed into numbers of finite elements. With proper assumption setting up
to boundary, results will be yielded based on fundamental fluid equation such as continuity
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equation, Navier-stoke equations, and so forth. When temperature is observed, the energy
equation with conduction and convection are used.
Having the results, the last step is to extract massive quantities of data from Ansys and
import into Matlab to do further specific analysis. The trends observed for multiple input
variables assist in the selection of the design criteria. Particular flow rates, temperatures, and
dimensions are used to update the physical design before production.
Although conclusions in this thesis are carefully made based on analysis result, it is not
an absolutely truth. It only provides ideas and numbers as reference for the future design.
Simulation results still need to be verified with experimental results in order to validate design
parameters. In fact, to provide possible solution for the experiment is exactly one of the purposes
in this thesis as mentioned in Chapter 1.4.
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3

ARGON GAS INSIDE MUON TRACKERS

Argon-ethane gas plays a very essential role in terms of functionality of the tracker. In
order to make sure each straw works correctly to capture passing positrons, an even argon-ethane
gas flow in each straw has to be provided. Any uneven gas flow might compromise system
resolution due to insufficient electron replenishment. Hence, this chapter will try to use
numerical methods to explore if argon-ethane gas inside Muon Trackers can be evenly
distributed by using the most updated tracker design provided by University of Liverpool.

Tracker Model Setup

The model from Figure 2.1-2 is the full-scale tracker model containing 128 straws in
total. The attempt to simulate the whole model unrealistic. A full-scale model will cost
considerable time due to the large number of nodes. Therefore, as a preliminary attempt to
determine most important factors, the model will be reduced to only have 8 straws of the U
plane, 4 on each row. Also, since the complexity of the detail design in this model might effects
the convergence of the final result due to mesh problems, the model will be further simplified by
reducing detail such as fillets or rounds to increase calculation efficiency. Such simplification
will result in slight differences than actual performance. However, the minor changes in flow
impendence for the overall results will confirm the trend for the distribution of the flow.
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Having the simplified model, we need to extract the internal flow volume in order to
study the flow behaviors inside the tracker.

Figure 3.1-1 Simplified tracker manifold internal flow volume
Figure 3.1-1 shows how the simplified internal flow volume appears in the solution. Inlet
and outlet control surfaces are locate at the far end of two manifold. The top manifold is where
the gas comes in, while the bottom manifold is where the gas vents out. Uniform flow of the gas
will first inject from the inlet. Due to pressure difference, gas will travel into straws through inlet
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holes that make up the straw end pieces, and then vented out from the bottom manifold.

Figure 3.1-2 Straw end pieces cross section (left) and array of end pieces in the
assembled model (right) [14]
Figure 3.1-2 shows the detail design of the straw end pieces assembly. Neither the inlet
nor the outlet of Mylar straws are a fully opening. A high voltage pins is inserted inside a plastic
end piece, which are then inserted into both ends of the straw and are sealed with epoxy. When
straws are mounted on the manifold, gas inside the manifold will flow into the two narrow gas
channels 0.7 by 1.25 mm as shown, through a 5 mm straw, then come out from the other end of
the straw with the same end piece setup.
Although the manifold will be placed inside a vacuum environment, the pressure
difference between top and bottom manifolds will cause the flow distribution. Hence, setting the
simulation under atmosphere condition will not affect the result.
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Simulation Results

The Reynold number equation will determine the laminar or turbulent conditions of the
flow in the straw. The non-dimensional equation is:

Equation 3.2-1
Where ρ is the density, v is the average velocity, L is the diameter of the straw, and µ is
the kinematic viscosity. Since kinematic viscosity of argon-ethane gas is about 1.265e-5 m2/s, the
2 cm3/min volume flow rate through a 5 mm straw generates an average velocity of 0.017 m/s,
and internal diameter of the straws are 5 mm, with that, the Re number is only about 7. Since the
Re number is lower than 2000, the computation model implements the laminar condition.
Having setting up all necessary boundary conditions above, computational fluid
dynamics results are attained by satisfying the following equations at all nodes of the mesh:

Continuity Equation:
Equation 3.2-2

Where ρ is density of the argon-ethane gas, t is time, and u is the velocity vector in three
dimensions. Additionally, the conservation of linear momentum through the Navier-Stokes
equation is satisfied:
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Equation 3.2-3

Where ρ, u and μ are density, velocity, and viscosity of the argon-ethane gas
respectively. The gravity effect of argon-ethane gas is represented by the term ρg, while p in the
pressure difference.

Figure 3.2-1 Pressure Distribution Contour
Figure 3.2-1 is the pressure distribution contour for argon-ethane gas inside the manifold.
Different color represent different pressure magnitudes according to the color bar on the upper
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left. As expected, inlet at the top manifold has higher pressure in order to push the flow to outlet.
Some of the straws, however, display inconsistent colors along their length. This contour implies
slightly uneven pressure distribution ranging from 6.297e-5 to 3.147e-5 psi. In order to confirm
that, exact data from this result are plotted as function of position along the vertical dimension of
the model.

Figure 3.2-2 Pressure Distribution in 8 Straw models
The blue sections represents the regions at the top and bottom manifolds. Other colors
represent different straws respectively showing the range from 6.297e-5 to 3.147e-5 psi.
Nevertheless, in theory, the volume flow rate on each straw is not decided by the absolute
pressure applied on it, but the pressure difference applies on it. Therefore, we need to find out
eventually if the volume flow rate is even on each straw.
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Volume Flow Rate
(cc/min)
‐‐‐‐‐‐‐‐‐‐‐‐‐ ‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐
in1‐trg 2.030195
in2‐trg 2.239028
in3‐trg 2.031271
in4‐trg 1.968405
in5‐trg 2.210765
in6‐trg 1.902324
in7‐trg 1.706132
in8‐trg
2.05971
‐‐‐‐‐‐‐‐‐ ‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐

Standard deviation
(cc/min)
8.4%
0.169527
7.6%
8.3%
8.6%
7.7%
8.9%
9.9%
8.2%

Figure 3.2-3 Volume Flow Rate on Straws
Figure 3.2-3 is the volume flow rate relation on each straws. The picture on the left is a
top view of how straws are numbered in this model. Argon-ethane gas is coming from the
bottom as shown, straw #1 is the furthest straw while straw #8 is the nearest. The table on the
right hand side is the data of volume flow rate through each straw. The volume flow rate on each
straws are quite even. Standard deviation on the right shows that there is only about 0.169
cm3/min (about 8.4 %) difference for the standard deviation mean, which is an acceptable
parameter for experiment requirements. Also, observing the furthest straw #1 and the nearest
straw #8 are neither the highest nor the lowest volume flow rate, we might assume that the
boundary effects on volume flow rate might not be a big factor in this and future models.
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Model Optimization and Analysis

The simulation above provided an idea of how the flow behaves under a very specific
condition. In reality, however, there are lots of unknown factors that can severely affect this
result. For example, the working temperature, human error, variation in system set-up, and so
forth. One of the most common variations in system set-up. Imagine that, although straws are
required to align with the same offset distance, what about orientation of the insulators? There is
no specific requirement that inlets of straws need to be orientated. As figure 3.1-2 showed, the
two narrow gas channels actually create a high pressure impedance for incoming gas. Such
impedances might vary as the gas channels orientation change, which will affect the uniformity
on each straw as a result. Also, the acceleration from horizontal flow into the vertical orientation
of the straws which include the 7.5 degree angle could have an impact. Will a bigger angle offset
makes the gas flow smoother? All these possibilities need to be taken into considerations in order
to validate or improve current design. Having this intention, now two more cases are considered
with different conditions.
In the original model setup, straws were mounted on manifolds with a 7.5 degree offset
angle, while straws inlets were aligned in the same orientation. The original model is considered
Case 1 with the detail setup shown in figure 3.3-1 below. Note that for the inset image all of the
insulators have the 0.7mm by 1.25mm inlets in line with one another.
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Figure 3.3-1 Model Setup Case1 (original model)
Note that, although it is unlikely technicians can create this scenario, it is still beneficial
to find out how significant the variation would be for different system setups in order to confirm
adjustments that can be made on either model simplification, or real experiment setup. Case 2
considers perfect alignment of the insulators but removal of the stereo angle, as shown in figure
3.3-2.

Figure 3.3-2 Model Setup Case 2
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Finally, the last setup, Case 3, as shown in figure 3.3-3, will use the same model setup as
case 2, except straw inlet orientations are randomized.

Figure 3.3-3 Model Setup Case 3
These two additional cases will run a separate simulations with the same boundary
conditions setup in Case 1, then compare results. The intention is to find if the volume flow rate
on each straws is still even in these different models under the different geometric
configurations. Any significant changes in result might lead to additional model refinement.
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Figure 3.3-4 Pressure Contour Comparison
Figure 3.3-4 shows difference is pressure distribution for these three cases above. Results
indicate that case 3 with randomized straw inlets orientation has the highest pressure drop from
1.13e-4 to 0 psi between the manifolds. Although it is not significant higher than other cases, it
confirms our assumption before that orientation does increase pressure drop. Also, the case 1 and
case 2 have the same straw orientation setup. However, it was found that, compare to vertical,
straws with offset angle did reduce pressure impedance and result in less pressure needed to push
through the trackers. The variations in pressure are only 1.13e-4 psi for all of the different cases.
Nevertheless, confirmation of how these differences in pressure will impact the volume flow rate
on straws is needed.
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Volumn Flow Rate

Volumn Flow Rate
(cc/min)
‐‐‐‐‐‐‐‐‐‐‐‐‐ ‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐
in1‐trg 2.030195
in2‐trg 2.239028
in3‐trg 2.031271
in4‐trg 1.968405
in5‐trg 2.210765
in6‐trg 1.902324
in7‐trg 1.706132
in8‐trg
2.05971
‐‐‐‐‐‐‐‐‐ ‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐
case 1

(cc/min)
Standard deviation
(cc/min) ‐‐‐‐‐‐‐‐‐‐‐‐‐ ‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐
s1‐trg 1.991362
8.4%
0.169527
s2‐trg 2.000678
7.6%
s3‐trg 1.910442
8.3%
s4‐trg 1.856437
8.6%
s5‐trg 2.127451
7.7%
s6‐trg 2.001436
8.9%
s7‐trg 2.072883
9.9%
s8‐trg 2.030939
8.2%
‐‐‐‐‐‐‐‐‐ ‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐
case 2

Standard deviation
(cc/min)
4.3%
0.085534
4.3%
4.5%
4.6%
4.0%
4.3%
4.1%
4.2%

Volumn Flow Rate
(cc/min)
‐‐‐‐‐‐‐‐‐‐‐‐‐ ‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐
s1‐trg 2.140436
s2‐trg 1.888107
s3‐trg 1.969412
s4‐trg 2.117777
s5‐trg 2.044839
s6‐trg 1.733914
s7‐trg 2.083326
s8‐trg 2.007537
‐‐‐‐‐‐‐‐‐ ‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐
case 3

Standard deviation
(cc/min)
6.3%
0.134608
7.1%
6.8%
6.4%
6.6%
7.8%
6.5%
6.7%

Table 3.3-1 Volume flow rate comparison
Tables 3.3-1 above represent volume flow rate on each straws for each case. Note that
there is some variation away from the nominal 2 cc/min in the design specification. In Case 2
and Case 3, we find out that orientation in straws setup does impact outcome not only on
pressure, but also on volume flow rate as well. Case 3 has a higher deviation compare to Case 2,
which means randomizing straws makes flow slightly more uneven. In addition, we observe that
Case 1 has the highest deviation of all the three cases. Comparing to case 2 with just the angle
offset difference, the volume flow rate deviation is doubled. That tells us that angle setup in
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system has the highest impact on flow rate distribution. Therefore, the simplified model should
still include the angle offset in simulation in order to attain more accurate results. Regardless, the
orientation of the inlets through the insulator cannot be controlled easily. The minor changes in
volume flow are acceptable for necessary electron replenishment in the straw tubes.

Conclusion

The angle offset in the simulate models was determined to be the biggest factor that
affects the results, and therefore should not be ignored on model simplification. Although
reducing straw offset angle makes the computation more efficient, maintaining high accuracy of
results is more important for later analysis. It had also been proved that a line up straws
orientation setup in system did improve outcome in 8 straw model. Another opportunity could be
to consider the uniform orientation of the insulators at different orientations. In order to
incorporate this feature in the construction of the tracker, significant results would need to be
observed from the simulated models. Regardless, analysis of the three cases comparison above
provided beneficial insight of what are important factors that could impact gas flow through
distribution in the tracker modules.
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4

ELECTRONIC COMPONENT COOLING INSIDE TRACKERS

Electronic components inside trackers serve two functions. First, the connections to the
PCB supply high voltage for the straw wire to attract the electrons ionized by the positrons
passing through the agron-ethane gas. Second, on-board chips process the magnitude and time of
particle capture by the wire. Ideally, these chips and components operate inside the manifolds of
trackers in order to minimize signal loss due to line length. Then, the argon-ethane gas within the
manifolds will cool down the system. The study for system cooling is rather critical due to
limited space and paths for conductive and convective heat transfer. This chapter describes
multiple attempts to address those problems and provides model demonstration of possible
solutions.

Thermal Model Number 1– Gas Cooling System

4.1.1

Gas Cooling Model Setup

There are two major heat zones resulting from the electronic components that make up
critical components in the circuit design, namely, the Amplifier, Shaper, Discriminator Quad
(ASDQ) board and the Time Digital Converter (TDC) board. The power consumption of each
components on these two boards are given by the table 4.1-1 below:
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TDC Summary
part
power (mW) size
U10 (2.5V reg)
84 3 x 3 mm
U11 (1.2 Vreg)
370 3 x 3 mm
U12 (2.5V reg)
32 3 x 3 mm
U3 (FPGA)
358 14 x 14 mm

ASDQ Summary
part
power (mW)
size
U5 (LVDS buf)
150 3 x 3 mm
U7 (LVDS buf)
150 3 x 3 mm
U100 (1.2V reg)
102 2.7 x 1.3 mm
U6 (1.6V reg)
133 3 x 1.75 mm
U8 (‐1.6V reg
133 2.7 x 1.3 mm
U9 (3V reg)
284 3 x 3 mm
U10 (‐3V reg)
260 3 x 3 mm
U11 (ASDQ)
500 10 x 10 mm
U12 (ASDQ)
500 10 x 10 mm

Table 4.1-1 Electronic components power consumption provided by electrical
engineering designs of Boston University [16]
One of the requirements to maintain functionality of both boards is to keep the devices
operating under temperature limits of approximately 50 C. The power consumption indicated
above is not very high– a total of just a few milliwatts. However, since trackers operate in a
vacuum environment with no natural convection or any type of radiation, the argon-ethane gas
was the only potential heat sink. The low flow rates and heating capacity of the gas are
insufficient to maintain temperature levels given the power inputs.
In order to examine if the argon-ethane gas is sufficient enough to cool down the system,
an initial setup was to have a printed circuit board model that mounted inside the tracker
manifold. Similar to the flow models, the features were simplified to have only components with
highest power on a single board. The consistent dimensions and power output were included.
From table 4.1-1 above, ASDQ chips have the highest power consumption at 0.5 mW each,
Another reason that we choose to start with the ASDQ chips is because these chips are the most
important components in the detection analysis. Since each chip serves 8 channels and the
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longest potential tracker could have 192 straws, a total of 12 were mounted on a PCB model.
Using the given dimension above, a simply PCB board was generated with 12 ASDQ chips
(about 6 watt in total) inside the manifold model as figure 4.1-1 shown below.

Figure 4.1-1 Thermal Model No.1 Overview. Flow comes in through the straws and
leaves via the channel on the right.
Knowing that the gas flow for each of the 192 straws is 2 approximately cm3/min, a flow
rate of 384 cm3/min was uniformly inserted into the manifold through the straws holes. The
outlet boundary condition maintains conservation of mass on the pipe on the right. Initial
temperature of the argon-ethane gas at the inlet is set for room temperature of 23 C.
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Figure 4.1-2 Thermal Model No.1 Front View. Arrows indicate the ASDQ Chip

4.1.2

Simulation Results

A critical addition to the computational fluid dynamics equations described in Chapter 3
was the heat equation:

Equation 4.1-1

Where u, is the velocity of the inlet gas, t is time as u changes, x, y, z is the direction
component of the velocity. Cp, ρ and α is the specific heat, density, and viscosity of the argonethane gas respectively. The values assumed for this model were Cp = 0.520 (kJ/ (kg K)), ρ =
1.449 kg/m3, and α = 0.016 W/(m K)
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The result, however, for convention only cooling was higher than expected. The
maximum temperature of the system exceeded 1180 K (900 C) degree!

Figure 4.1-3 Thermal Model No.1 Temperature Contour
The temperature contour, shown in figure 4.1-3, shows the ASDQ chips appearing as red,
the maximum temperature region of the model. With only total 6 watt of heat source, the whole
system will be melted away in a vacuum with just argon-ethane gas.
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4.1.3

Model Optimization

Obviously, the limited heat capacity of argon-ethane gas is not sufficient enough to cool
down the chips. The first iteration was to increase the contact area by add a heat sink. Fingers
were incorporated into the design to create mechanical contact between the chip and the
manifold lid. The hope was that the conductive heat transfer would offer more space throughout
the internal surface area of the manifold for convective cooling with the gas.

Figure 4.1-4 Model No.1--Heat Sink Temperature Contour
Figure 4.1-4 shows results of the additional material connecting the chips to the
aluminum lid of the manifold. Having a conductive heat path would offer more area for cooling.
This design improves performance a little. Yet, the maximum temperature still reaches 835 C,
which is not acceptable. Despite the 2 cm3/min flow rate requirement in the straws to replenish
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the electrons, the thermal model was evaluated for increasing volume flow rate of argon-ethane
gas.

Figure 4.1-5 Argon gas volume rate decreases the highest temperature of the ASDQ chips
in the model.
Figure 4.1-5 demonstrates the maximum temperature as a function of argon gas flow rate.
It is clear that gas alone will not be sufficient since 1024 cc/min only achieves a temperature of
200 C. The situation would be worse for the whole system as other heat sources such as the TDC
board would still needed to be incorporated into the system. Therefore, we can safely say that
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argon-ethane gas cooling mechanism does not work. For that reason, the model prototype was
modified. One of the suggestions is to separate the other heating components from the ASDQ
chips. This means, we only preserve the ASDQ chips inside the manifold, and move other high
power density components to another separate location with different cooling mechanism.
Although a setting up a new separate system to contain the rest of the circuitry could make the
design more complicated and higher cost, that is what it takes to solve nontrivial problems in this
situation.
As part of the re-design, a new separate system that contains the TDC boards and other
circuits is called the Frontend Low-voltage Optical Box to Back End Readout (FLOBBER). A
more detail study, such as problems and solution, about the FLOBBER is in the next chapter.

Thermal Model Number 2—Water Cooling

From simulations above, we can safely conclude that gas cooling alone is not sufficient to
cool the chips to an operating temperature. Therefore, an alternative method has to be chosen.
The first advance cooling method come to mind is water cooling. Before jumping into any design
aspect of water cooling method, the water will have to prove sufficient cooling capacity to chill
the system. A very simple straight water channel that runs on the side of the chips was modeled
with a conductive heat sink on top of the ASDQ chips. The inlet water temperature will be set at
the room temperature of 23 C and velocity of 0.1 m/s uniformly over an internal diameter of
3mm. Having the kinematic viscosity of water is 1.004 x 10-6 (m2/s), the Reynolds number was
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calculated as 300, which is lower than 4000, thereby a laminar model for the water is chosen. To
speed up computation, the heat transfer from the gas flow was removed from consideration.
Again, using the flow and heat equations (3.2-2), (3.2-3), and (4.1-1) above, the
temperature contour results were developed and shown in figure 4.2-1:

Figure 4.2-1 Model No.1 Water Cooling

It turns out that the water cooling works well for the new prototype. Using only room
temperature water at the inlet, the highest temperature of an ASDQ chip is about 31.67 C, much
less than the 50 C suggested for operational temperatures. With water cooling shown as an
effective method, the only problem is designing the cooling contacts in the space constraints of
the manifold. A more realistic design for the water cooling system is necessary, since the water
would require inlet and a return inside the manifold. Additionally, electrical engineers expressed
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concern about a fluid running in the same volume as high voltage electronics. Hence, new
features of heat paths inside the tracker manifold will be studied.

Thermal Model Number 3 – Concentric Water Cooling System

4.3.1

Concentric Water Cooling Model Setup

In parallel with the thermal management, the electrical engineers were devising new
methods for connecting section of PCB to the straws. Figure 4.3-1 is an image of a rapid
prototype of the manifold model with new design of PCB boards placed above their sensing
wires.

Figure 4.3-1 Rapid prototype of Manifold design with PCB Board [17]
Instead of using a single PCB contains all the electronic components, the design divides
the electronics board into four equal squares. Each individual PCB has 2 ASDQ chips on the top
half as shown at silver squares. Breaking the PCB into smaller units gives the system more
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flexibility if the tracker module length is modified or if a particular electronic component fails. In
order to still use water cooling for this configuration, the water channel has to be designed in a
way that makes the water circulate back to the left panel of the manifold. That means the water
channel has to be able to make a roundabout that fits inside the manifold.
It was proven that the limited bend radius of a cooling tube was not possible. Figure 4.3-2
below shows the requirement for water channel bend radius.

Figure 4.3-2 Water channel bending radius requirement dimensions
In order to fit in the manifold and avoid other obstacles, the maximum bending radius
that allow is 11.27 mm. The provided internal dimensions inside the manifold were 240.69 X
58.37 X 22.50 mm, and the softest metal that we can use for water channel is aluminum.
However, the manifold dimension in width given is too small for any metal to make such an
abrupt turn. Besides, as figure 2.2-1 in chapter 2 shown, the vertical space above the PCB are all
occupied by Flexi cable and some other electronic components. Therefore, regular water
channel water cooling would not work in this case. Hence, a new design of connecting a heat
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path to concentric water pipe located elsewhere in the manifold is proposed and shown in Figure
4.3-3.

Figure 4.3-3 Concentric Pipe that runs the length of the manifold to carry cooling fluid
The square shape long rod is an aluminum piece that contains a concentric tube inside the
hole. The inset on the left shows how the end of the concentric pipe allows a return of fluid in
such a small space. Inlet and outlet are on the same plane, but separate by a circular aluminum
tube of thickness in between. The water will be carried from the inlet through the inner circle,
and then returned in the outlet on the outer circle. Large copper heat sinks then connect with the
square rod acting as cooling fingers. Essentially, the cooling finger provides a heat path that
conducts the heat from the ASDQ chips to square rod that has water running inside. The fullscale of the concentric water cooling system inside the tracker manifold would look like figures
4.3-4 and 4.3-5 below:
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Figure 4.3-4 Full-scale Concentric Water Cooling System Model

Figure 4.3-5 Concentric Water Cooling Model Front View
Using concentric water pipe design above significantly saves vertical space above the
PCBs and avoids the hazard of running the water above the ASDQ chips. Assumptions for water
velocity and temperature are 1 m/s and 23 C respectively. Using room temperature for the water
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source reduces thermal insulating features that would increase fabrication costs. Chilled water
below room temperature can make this cooling system more powerful. But, the best solution is to
design the cooling system having the capacity to cool down the system by using just room
temperature water.

4.3.2

Simulation Result

Again, since major parameters such as velocity, and inner tube cross section are the same
as model 2 (velocity of 0.1 m/s and internal diameter of 3mm), the Reynolds number was
calculated as 300. Laminar model will be used for inlet water. Using the same heat equations, the
temperature contours are shown in figure 4.2-6 and 4.2-7:

Figure 4.3-6 Concentric Model Temperature Contour--Over View
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Figure 4.3-7 Concentric Model Temperature Contour--Front View
As the color bar indicates, the highest surface temperature is only about 32.6 C, and is
located at the bottom of the ASDQ chips as well as the far end side of the PCBs. Given the
temperature difference of about 10 C from the surface to the core of an ASDQ chip, the expected
highest temperature inside the chips is about 42.6 C, finally lower than the design requirement of
50 C. Also, there is little change in that temperature of components from the inlet to the far end,
which confirms this concentric model design provides enough cooling capacity to the system
without heating of the fluid upon entry.
To fully parameterize the design space, the highest temperature on ASDQ chips as
function of water velocity and temperature together are shown in table 4.3-1 below:
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Max Temperature in Chips (in Celsius)
Temp/Velocity 1 m/s

0.5 m/s

0.1 m/s

23 C
21 C
19 C
17 C
15 C
13 C
11 C
9C
7C
5C

32.84
30.84
28.84
26.84
24.84
22.84
20.84
18.84
16.84
14.84

33.98
31.98
29.98
27.98
25.98
23.98
21.98
19.98
17.98
15.98

32.6
30.6
28.6
26.6
24.6
22.6
20.6
18.6
16.6
14.6

0.08
m/s
34.37
32.37
30.37
28.37
26.37
24.37
22.37
20.37
18.37
16.37

0.06
m/s
35.05
33.05
31.05
29.05
27.05
25.05
23.05
21.05
19.05
17.05

0.04
m/s
36.48
34.48
32.48
30.48
28.48
26.48
24.48
22.48
20.48
18.48

0.02
m/s
42.7
40.7
38.7
36.7
34.7
32.7
30.7
28.7
26.7
24.7

Table 4.3-1 Highest temperature on ASDQ chips as function of water velocity and
temperature (C)

Figure 4.3-8 Chip Temperature Contour as Function of Velocity and Inlet Temperature
Table of 4.3-1 and figure 4.3-8 show that velocity of approximately 0.1 m/s (70 cm3/s) is
actually the saturation point for room temperature water. Increase water velocity beyond this
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point would only make little difference in temperature changes. The contour offers the electrical
engineering designer the ability to select the best combination of flow rates and inlet temperature
to achieve circuit temperatures.

Full-scale Concentric Water Cooling Model with Convective Gas Cooling

In the previous sections, the convective gas and conductive water cooling mechanisms
were separated. In the next step, models will test the performance of this new concentric design
in a full-scale model with both conductive and convective cooling. The full-scale model will be
maintained but adding argon-ethane gas to the manifold internal flow. Therefore, we would
expect an even better cooling performance for the system in theory.
The same model setup from section 4.3 is used, and argon gas flow is included inside the
manifold as figure 4.4-1 shown.

Figure 4.4-1 Full-scale Model Boundary Condition Setup
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Both water and argon-ethane gas are 23 C. The water velocity is 0.1 m/s, while the gas
volume flow rate is 256 cm3/ min. Also, turbulent models will be applied to both fluids due to
high Reynolds number. Using same heat equations to solve problem, we have the results shown
in Figures 4.4-2 and 4.4-3:

Figure 4.4-2 Full-scale Model Temperature Contour--Over View

Figure 4.4-3 Full-scale Model Temperature Contour--Front View
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Gas flow inside the manifold offers positive and negatives to the system. The good is it
decreases the overall system and PCBs temperature a few degrees. PCBs now have more even
temperature variation from 28 C of minimum on the edge to 31 C of maximum around the
ASDQ chips compared to the water cooling alone in pervious section. The bad is that ASDQ
chips’ surface temperatures now is brought up to 39.6 C in max compare to only 32 C in max for
the case without applying Argon gas. However, this rise in chips temperature is not because
Argon gas heats up the system. Instead, it actually cools down the system, and makes average
temperature on ASDQ chips more even. Now, we have a surface temperature that is very close to
the core temperature of the chips. A temperature comparison plot below indicates only 0.5 C
average temperature difference on ASDQ chips.

Figure 4.4-4 Temperature of No Argon applied Vs Argon applied
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Figure 4.4-4 above is the ASDQ average volume temperature comparison in the case no
argon-ethane and the case of having argon-ethane. When system has no force convection, the
ASDQ chips average temperature is slightly above the 35.8 C separation line. While after argonethane is applied, the ASDQ chips average temperature has decrease about only 0.5 C. This little
change in overall temperature shows that argon-ethane gas has only little impact to the system in
terms of cooling. Also, considering the 35.8 C average temperature on ASDQ chips has a wide
margin to the requirement of 50 C, such safety factor ensures the concentric pipe cooling design
is feasible for current system prototype.

Conclusion

Due to limited heating capacity, the original intent of using gas to cool down system
components is unfortunately not achievable in the tracker design. However, an alternative way of
using concentric pipe water cooling is able to handle the thermal problem a small volumetric
space. Although additional force convection with argon-ethane gas does not significantly reduce
system temperature, it makes other components’ temperatures more even and cools down the
tracker system as a whole.
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5

FLOBBER STUDY

So far, this thesis has focused on tracker components inside the vacuum chamber. Both
the gas flow and thermal problems offer substantial challenges to the mechanical design. An
important feature briefly mentioned in chapter 4 was that, the current tracker manifold design is
too compact to integrate more components inside. Hence, a separate system was designed to
contain all the remaining components for tracker electronics such as TDC boards. The new
device is named the Frontend Low-voltage Optical Box to Back End Readout with an easy to
remember acronym FLOBBER. This chapter will try to study similar thermal problems of the
compact FLOBBER system, and the results of this study will be used as reference for future
experiments.

Introduction

Different than trackers which are placed inside the vacuum chamber, FLOBBERs are
actually placed outside the storage ring in an ambient environment. Although FLOBBER is a
system that separate from tracker, it has to be connected with the tracker somehow in order to
complete the system.

56

Figure 5.1-1 FLOBBER Schematic [18]
Figure 5.1-1 above shows how the FLOBBER (on the left) connects with the tracker (on
the right) through the green snouts. Everything on the right hand side of the blue flange will be in
a vacuum, while everything on the left hand side of the blue flange will be in natural
environment. The FLOBBER itself contains 8 major electronic boards supporting the internal
electronics of the two manifolds. They are High Voltage boards, TDC Motherboards, and logic
boards. The set supporting a single manifold includes one Logic board on top, and high voltage
board at the bottom. Two TDC motherboard are placed in the middle, and each TDC mother
board has two TDC chips on it. The bottom half of the FLOBBER just a simply mirror from the
top half supporting the electronics on the gas return manifold. In terms of power consumption,
the logic board is 7.3 Watt/ board, TDC chips are 1.3 watts each, and the high voltage boards
have negligible heat generation.

57

Model Setup & Study

The FLOBBER model is shown in figure 5.2-1below:

Figure 5.2-1 FLOBBER Model

On the left hand side is the FLOBBER case constructed from aluminum with openings
for air and electronic feedthroughs. Printed circuit boards will stack up inside the FLOBBER
case and are aligned in the center as the schematic shown in Figure 5.1-1. Since electronic
components inside the FLOBBER generates heat, we once again need to solve a cooling problem
in order to make sure the tracker will work properly. The total power of the FLOBBER
components is more than 23 watts. This power scale is almost 5 times higher than the heat
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generation inside the manifold. However, since the FLOBBER is placed in an ambient
environment, the options for cooling are much greater. Initially, a preliminary set-up was
considered with only natural convection to observe the temperature of the FLOBBER
components. Subsequent evaluation considered forced-air convection to help dissipate the heat.

5.2.1

Case 1--Natural Convection

In order to achieve higher computational efficiency, the model from figure 5.2-1 is
simplified. The honeycomb opening on both top and bottom are replaced by an equivalent area
of 91.622 mm by 75 mm opening; if area is conserved, the velocities can be made similar too.
Room temperature is set at 23 C. Results are driven by the computational fluid dynamics
software using the continuity equation 5.2-2, Navier-Stoke equation 3.2-3, and heat equation
4.1.-1. Note that the gravity g in equation 4.1.-1in is acting positive downward. The velocity of
the flow through the FLOBBER is shown in figure 5.2-2 (bottom). Note the trajectory of hot
gases rising through the top portion. The temperature that occurs due to the air density changing
as a function of temperature is shown in figure 5.2-2 (top).
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Figure 5.2-2 FLOBBER Temperature Distribution under Natural Convection

In the natural convection model, the highest temperatures of about 111.8 C are located on
all TDC chips. The average temperature on the logic board is around 95 C. Nevertheless, the
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normal functional temperature for TDC chips are about 50 C. Hence, this result exceeds the
chips’ allowing range, and it can conclude that natural convection for this model is not sufficient.

5.2.2

Case 2 – Force Convection

The confined space inside the flobber prevents enough air from cooling components.
However, since in an ambient environment, it is easy to flow natural air across the components
for forced convection cooling. Case 2 sets up a force convection model to determine if the
system temperatures can be brought down to an operational range. In the forced convection
model, the geometric set-up remains fixed but a volume flow rate is applied to the top opening of
the structure. In order to see the best performance that force convection can provide, a very high
volume flow rate is chosen to make sure the system is under saturation mode.

Figure 5.2-3 FLOBBER Temperature Distribution under Force Convection with 1000
CFM Volume Flow Rate
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Figure 5.2-3 shown above indicates the component temperature as air blows down from
the top. The highest temperature is now located at the bottom logic board, e.g. after much of the
air has picked up heat from other components. The highest temperature anywhere in the system
is now only 43 C comparing to the highest temperature of 111.8 C from natural convection.
Average temperature on the top logic board is about 43 C, which is actually an acceptable
temperature. TDC chips has the most significant improvement decreasing to. The average
temperature now for TDCs are about 38 C, which is more than 80 C reduction comparing to
natural convection.
Result confirms that forced convection provides a much better performance to cool down
the system. Nevertheless, since the result is attained by using excessive volume flow rate, we still
need to substantiate the actual amount of flow rate that is realistic. Hence, we try to establish a
relation of volume flow rate and temperature distribution of the FLOBBER system and see how
the flow rate affects the results. Adjustments are made to the volume flow rate while the highest
temperature on the bottom of the Logic Board is recorded as the dependent variable.

Figure 5.2-4 Volume Flow Rate as Function of Highest FLOBBER Temperature
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The figure 5.2-4 plot above tells us that, when volume flow rate is higher than 43
CFM, the system becomes saturated offering very little cooling enhancement.
Conveniently, 43 CFM is a very achievable number in terms of volume flow rate. Most
CPU fans on the market can provide performance of 50 CFM or even greater. The
estimate of highest temperature in this simulation is relatively conservative. The model
assumes that the aluminum case of the FLOBBER acts as an insulator which does not
include natural convection to the environment. The actual experiments data from
University of London suggests that system overall temperature is a little lower than
simulation [19].

FLOBBER Extensive Study—Duct Connection Model

Although a number of 43 CFM is not hard to achieve for most fans, there is another
challenging problem that might ruin the experimental design. Recall from Chapter 1 that there is
a very precise magnetic field inside the storage ring in order to force the muon to precess at a
specific rate. However, most fans driven by electricity have magnets inside. If the fan gets too
close to the storage ring, the fan’s magnetic field would be strong enough to affect the
experiment magnetic field. Unfortunately, at the moment, no study has been done for the actual
influence when a fan is close to storage ring, and the distance necessary to have negligible
impact. Nevertheless, there is a contingency plan to prevent this from happening. Simply using a
long pipe to connect a fan with the FLOBBER is the lowest cost to avoid magnetic field
interruption. However, using this method will raise another problem—pressure drop. Due to wall
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shear stress friction, pressure will drop when air flows through a pipe. If the pressure drop is too
significant for the fan to overcome, another alternative solution may be needed. Hence, it
becomes necessary to set up a duct model to predict the magnitude of the pressure drop.

Figure 5.3-1 Duct Model Setup
Figure 5.3-1 is the duct model setup for FLOBBER with an inlet diameter of 2.067 inches
and outlet of 91.622 mm by 75 mm that matches the FLOBBER openings. According to theory
in fluid mechanics [20], the bigger the cross section of a pipe, the less pressure drop that occurs.
The most similar pipe we can purchase from industry is a flexi plastic pipe with a pipe size 2 (ID
2.067”). The simulated model pipe is setup to be approximately 12 meters long with circular
cross-section in the inlet and a rectangle cross section in the outlet. The pressure as a function of
pipe location is shown in the figure 5.3-2 below:
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Figure 5.3-2 Duct Model Pressure Distribution
With the same volume flow rate of 50 CFM, the pressure drop through a 12 meters long
pipe is about 0.05015 psi (345.8 pa). Although the magnitude is quite small, it does create the
challenge of selecting the fan with the correct combination of volume flow rate and pressure. The
selection of the most appropriate fan is left to the next engineer working on design aspects of the
project.

Conclusion

The new separate FLOBBER system has been proved that forced convection has
sufficient performance in maintaining the FLOBBER system to function under the working
temperature. However, whether the experiment magnetic field will be disturbed when using force
convection is still unknown. Although the duct connection with fan and FLOBBER can avoid
such magnetic field disruption, more studies about fan’s pressure specification still need to be
done in order to make a valid conclusion for this method.
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6

SUMMARY

An Improved Tracker Model

From an NIU concept model to a Liverpool prototype, we have been making the highest
quality Muon Tracker. The Liverpool tracker model substantially increases particle sensing area,
which makes tracker can achieve higher precision measurement. Also, the design of tracker
modules for tracker station makes the experiment’s maintenance much easier. Simulations
indicate that the flow distribution is sufficiently uniform to replenish the ionization gases in the
straw tubes. Some suggestions for alignment of the insulators will help in the physical
performance. This even flow distribution on each straw will make the measurement more reliable
and accurate as a result.
One of the most exciting findings from this study is the solution for nontrivial thermal
problem. Although the idea of using gas cooling for tracker system is straightforward,
simulations confirmed first order analysis that it was not possible. The improved design of using
concentric pipe water cooling, however, successfully cool down the system to a proper working
temperature, and still makes the cooling system fit inside the tracker manifold. As a
consequence, the introduction of a new cooling system into the tracker manifolds increased the
design complexity to create the FLOBBER system. Results show that forced convection of
ambient air is necessary to maintain the FLOBBER’s working temperature. However, due to
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possible magnetic disruption to experiment, no conclusion can be made so far of where the fan
should be installed to generate for the forced air flow. Although the idea of using a long pipe to
keep the fan away from the storage ring can avoid such disruption, more studies still need to be
done in the future in order to confirm this feasibility.

Future Works

Although substantial progress has been made to the Muon Tracker design from this study,
there are still lots of aspects that need to be completed before the final tracker design can be
validated and send to manufacture. First of all, a full-scale flow model with all 128 straw tubes in
the tracker still needs to be analyzed. The 8 channel version confirmed the orientation impacts,
but the distribution may change as more impedances and straws are added.
Second, although the concentric pipe water cooling has been proved it works well in
simulation, data from actual experiment mockup is still needed in order to further validate the
cooling design. Preliminary results of a concentric tube are possible, but the compression of the
copper heat path (both on the ASDQ chip and cooling bar) needs to be evaluated.
Last but not the least, the vacuum pressure inside the storage ring will likely to cause
fatigue stresses in the straws and manifolds. The straws will tend to inflate generating an axial
tension pulling the two manifolds together. The stress and strain over the timeframe of the
experiment should be considered as the precision of the tracker station will determine the
performance of measuring the positrons and associated muon precession rate that drives the g-2
experiment.
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